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Abstract  Unlike acoustophoresis of spherical particles, acoustophoresis of disk-shaped particles also shows an acoustic radiation 
torque which induces disk rotations. The present paper aims to study the acoustophoretic dynamics of disks which are exposed to 
an ultrasonic standing wave in a microfluidic context. A numerical model allowed to calculate torques beyond the existing 
simplified analytical models from literature. Numerical as well as experimental results were found to agree for microfluidic disk-
shaped alumina particles of 7.5 μm diameter at ultrasonic frequencies around 2 MHz. Application potential is expected for 
acoustophoresis of disk-shaped cells in biomedical devices (e.g. red blood cells in flow cytometers), assembly of disks or 
micromaterial development.  
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1. Introduction 
Particles in a sound field experience an acoustic radiation force, as commonly known from the famous Kundt’s 
tube. In recent years, these forces have been applied to microparticles such as cells, what is nowadays termed 
“acoustophoresis” in a microfluidic context with ultrasonic standing waves. 
So far, most theoretical and experimental work dealt with spherical particles. Yet as soon as non-spherical   
particles are considered, additional effects come into play: non-spherical particles also experience an acoustic 
radiation torque, in addition to the acoustic radiation force. In this paper, torques are considered for the case of solid, 
disk-shaped microparticles, which are suspended in water and which have a radius a much smaller than the acoustic 
wavelength Ȝ, a<<Ȝ. 
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The study of acoustic radiation torques dates back to Lord Rayleigh (1882). Named after him, the so-called 
“Rayleigh disk“ describes an apparatus to measure sound intensities by measurement of the acoustic radiation torque 
on a sensing disk element. In the last century, several more studies reported on analytical derivations and 
experiments on macroscopic disks in acoustic standing waves, as reviewed by Rozenberg (1971). 
The study at hand covers 2 novel aspects of acoustic radiation torques on disks: 
• numerical treatment of disk torques.  Numerical simulations allow a third perspective, additional to the 
analytical theory and experiments. 
• micron-sized disks in a microfluidic setup. The advent of miniaturization technology over the last 
decades enabled acoustophoresis in the sub-millimeter range, which opens up new application fields in 
microtechnology, especially for the acoustic handling of (disk-shaped) cells in biomedical devices. 
2. Theory and numerical simulations 
Analytical approximations for the acoustic radiation torque date back to König (1891), who described the 
acoustic radiation torque TyK  in y-direction on a rigid, non-moving disk in an acoustic field: 
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with the fluid density ȡ0, the disk radius a, the root mean square acoustic fluid velocity vrms and the angle ș as 
illustrated in Fig. 1a. This equation is a good approximation for heavy disks in a light fluid, e. g. a metal disk in air, 
where the disk is almost not moved by the sound field. When disk and fluid have a similar density, which is often 
the case with water as the fluid, Rasmussen (1964) suggested a correction factor to the above equation. 
In Fig. 1b, an acoustic standing wave is illustrated in terms of the background pressure field pb. Pressure nodes 
and antinodes are denoted. A disk of higher density and lower compressibility than the suspending fluid experiences 
an acoustic radiation force towards one of the pressure nodes, as also known from acoustophoresis of spherical 
particles with a positive acoustic contrast factor Ɏ (Laurell et al. 2014). The acoustic radiation torque according to 
Eq. 1 rotates a disk to ș = 0°. A disk with this equilibrium position and angle is also illustrated in Fig. 1b.  
 
Fig. 1. (a) Cross section of a disk with diameter dd=2a, position xd, angle ș and thickness td. (b) An acoustic standing wave with pressure 
amplitude pA and wave number kx. The shown disk is at equilibrium position and angle (for typical solid disks that are heavier and less 
compressible than the suspending fluid). 
 
Another approach to calculate acoustic radiation torques are numerical simulations. We chose the software 
Comsol Multiphysics to build a numerical model, where an acoustic standing wave was defined as a background 
pressure field, and a disk was placed in this field. Perfectly matched layers (PML) surrounded the acoustic domain. 
The disk was modeled as an elastic solid with coupled acoustic/solid boundary conditions. To calculate the acoustic 
radiation torque, the following expression for the radiation torque vector Tnum can be evaluated numerically (Dual et 
al. 2012): 
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with the position vector r from the center point in the particle to an area element dS on the particle surface, the 
speed of sound c0 in the fluid, the first-order pressure p1 and velocity vector v1, the surface normal unit vector n and 
integration over the particle surface S. This approach allows to calculate torques for particles of arbitrary shape, 
position and orientation, whereas the particle inertia and compressibility are included in the model. The simulations 
were validated with simplified special cases for disk-shaped particles, where analytic solutions exist in literature 
(Rozenberg 1971, Rasmussen 1964). 
First results of the model are shown in Fig. 2a, where the torque Tynum is plotted as a color value, depending on 
the position (abscissa, as in Fig. 1b) and angle ș (ordinate), for an alumina disk of diameter dd =7.5 μm and 
thickness td  = 200 nm in a 2 MHz ultrasonic standing wave in water. As in Eq. 1, there are two angular equilibrium 
positions: First, the angle ș = 0° results in a stable equilibrium.  This case is marked twice with an “x” in the plot at 
the two pressure nodes kxxd = ʌ /2 and 3ʌ/2. Second, the angles ș =±90° are also equilibria with zero torque, 
however they are instable equilibria. The torques are maximal in the pressure nodes and minimal in the pressure 
antinodes, which correlates to the acoustic velocity in a standing wave as occurring in Eq. 1.  Acoustic standing 
waves are known to have velocity antinodes at pressure nodes and vice versa (Bruus 2012). 
Fig. 2b is a torque simulation result, where the transition from a full, spherical alumina particle (diameter 
dd = 7.5 μm) to a disk-shaped ellipsoid is plotted over the ellipsoid’s semiaxis se on the abscissa. The particle was 
placed in a pressure node at an angle of ș = 45°. This result is beyond analytically obtainable cases. At a semiaxis of 
se = 3.75 μm= dd/2, the ellipsoidal particle is a sphere, so zero torque results. At a semiaxis towards se = 0, the 
torque decreases to zero since a thin disk-shaped ellipsoid has negligible inertia, so the relative velocity between 
disk and fluid and thereby also the torque vanish. At  se ~ 1.1 μm, a maximal torque is found, as marked with a 
red “x”. 
Fig. 2. (a) Simulated torque Tynum on a disk in an ultrasonic standing wave (with wavelength Ȝ>>radius a), depending on the disk position xd and 
angle ș as defined in Fig. 1. (b) Simulated torque on an ellipsoidal alumina particle for a transition from a sphere (right side) to a disk-shaped thin 
ellipsoid (left side) at 2 MHz ultrasonic frequency and angle ș=45°. 
3. Experiments 
Experiments with disk-shaped alumina particles (dd = 7.5 μm, td = 200 nm) suspended in an aqueous liquid were 
conducted in a silicon microchannel on the device as shown in Fig. 3a. The microfabricated devices were excited by 
a bulk piezoelectric element (2 mm x 10 mm x 1 mm) which was glued underneath the device. 
Fig. 3b is a microscopic view on the disks. At t = 0 ms in step (1), the ultrasound was turned on. As predicted by 
the numerical and analytical models, the disks flipped and moved to a pressure node of the acoustic domain in step 
(2) and (3). In Fig. 3c, the position xd and angle ș of the marked disk from Fig. 3b was tracked by image analysis. 
The experiment confirms the discussed numerical and theoretical results on the microscale qualitatively. In addition, 
secondary acoustic forces or moments aggregated close-by disks to a layered higher order structure. 
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 Fig. 3. (a) Photograph of a silicon microdevice with a fluidic channel of ~150 μm depth. (b) Microscopic time series: disk-shaped alumina 
particles move and align acoustophoretically under the influence of an ultrasound field at 1.92 MHz, starting at step (1) at t = 0 ms. In step (2) at t 
= 312 ms, the marked disk (encircled red) flipped, and in step (3) at  t = 802 ms the disk arrived at a pressure node. (c) An image analysis of the 
marked disk from Fig. 3b (encircled red) describes the acoustophoretic kinetics of the disk location xd and angle ș.  
4. Conclusion 
The triad of analytical, numerical and experimental disk acoustophoresis was found to agree well for micron-
sized particles in ultrasonic standing waves around 2 MHz. The results describe the acoustophoretic rotation of disks 
towards an equilibrium position, where the disk axis points in the direction of the standing wave.  
Numerical simulations of disk acoustophoresis on a regular PC offered a powerful third perspective besides 
analytical and experimental approaches. The simulations of the acoustic radiation force and torque were found to 
agree well with corresponding analytical models which exist for simplified cases. The numerical model can be 
applied not only for disks, but also for acoustophoresis of particles with a more complex non-spherical shape.  
Relevance of disk acoustophoresis is given for acoustophoretic handling of non-spherical cells (Jakobsson et al. 
2014). Acoustophoresis has wide applications for the handling of cells in a biomedical context (Laurell et al. 2014). 
Many cells are non-spherical, especially disk-shaped red blood cells. The insights of this study suggest the angular 
rotation of such cells by acoustophoresis. The control of angular cell orientation is a promising method to improve 
the detection efficiency in various cell-analyzing devices, e.g. flow cytometry and fluorescence activated cell sorters 
(FACS), whose measurement signals are disturbed by non-uniform cell orientations in the current state of the art. 
Further applications are feasible in disk-reinforced composites with aligned disks in a matrix (Erb et al. 2012), and 
sound intensity measurements similar to the well-known "Rayleigh disk". 
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